Mungbean is a widely cultivated grain legume in Asia, Africa and South America. In this study, 52 varieties of mungbean were profiled with 39 polymorphic SSR primers after screening a total 315 SSR primers. A total of 96 alleles were scored from the 39 primers with an average of 2.46 alleles per locus indicating the low diversity among varieties. The Nei's genetic diversity index and the Shannon information index of SSR primers varied from 0 to 0.649 and 0 to 1.169, respectively. The results showed that the potential transferability of adzuki bean primers (83.3%) was greater than the cowpea primers (25%). The varieties profiled were grouped into four major clusters. But the clustering pattern did not reflect on their geographical origin. Further, the AMOVA indicated presence of moderate genetic differentiation among groups compared to higher differentiation among varieties within populations. The SSR markers identified here will add valuable genomic resources for germplasm characterization, cultivar identification and assessment of genetic diversity of mungbean varieties.
Introduction
Mungbean (Vigna radiata (L.) Wilczek) is a diploid (2n=22) fast growing warm-season legume belonging to the Papilionoid subfamily under Fabaceae. Mungbean is a ready source of protein, amino acids, carbohydrates, antioxidant and fibers, suggesting it to be an excellent and balanced source of diet. Despite being a nutritious crop, overall production of mungbean is low due to abiotic and biotic stresses, low level of crop management by farmers and the shortage of suitable varieties for varying geographical conditions (Singh et al. 2015) .
Assessment of genetic diversity in the varieties is of immense importance for planning an effective and scientific breeding program for enhancement of crop yield as well as its stability (Chandra et al. 2013; Kaur et al. 2016) . For assessing genetic diversity, molecular markers in addition to the conventional morphological and biochemical markers are powerful tools since they remain unaffected by environmental factors and are independent of tissue or developmental stage of crops (Zhang et al. 2015) . The small genome size of mungbean (579 Mbp) makes it a model plant system among pulses for diversity studies. Earlier, in mungbean, RAPD (Lakhanpaul et al. 2000) , AFLP (Bhat et al. 2005) and ISSR (Singh et al. 2012 ) markers were used for diversity study. However, Simple Sequence Repeat (SSR) markers are more popular among markers systems because of their attributes like high level of polymorphism, co-dominant nature, locus specificity, reproducibility and random distribution throughout the genome. In comparison to other legumes, limited polymorphic SSRs have been reported in mungbean, reflecting the scarcity of genomic resources (Gwag et al. 2010; Shrivastava et al. 2014; Chen et al. 2015) . Moreover, genetic diversity was found to be less within the mungbean germplasm in earlier studies (Bhat et al. 2005 , Singh et al. 2012 . Thus there is a need to screen and identify polymorphic SSR markers in greater numbers to facilitate analyses [Vol. 78, No. 1 of genetic diversity in mungbean. The process may include transferring the SSR markers from other closely related legumes such as moth bean, adzuki bean, cowpea and rice bean as this will also facilitate correlated studies in across related crops (Datta et al. 2013; Jingade et al. 2014; Shivakumar et al. 2017 ).
The present study aimed at analysis of genetic diversity in the major released varieties using newly identified as well as earlier reported mungbean specific SSR markers. Further, we have also studied the cross transferability of SSRs to mungbean from other related species Vigna unguiculata (cowpea) and Vigna angularis (adzuki bean).
Materials and methods

Plant material and primer selection
Total genomic DNA was extracted from the 52 varieties including one accession of the wild progenitor species Vigna sublobata using CTAB method (Supplementary Table S1 ). The quality and quantity of DNA in the samples were determined by gel electrophoresis and Nano Drop 1000 Spectrophotometer readings (Thermo Scientific).
A total of 315 SSR primers were first screened using five mungbean varieties. These included SSR primers from mungbean [58 VR series primers (Dikshit et al. 2007 ), 11 MB series primers (Kumar et al. 2002) and 200 mgSSR primers (developed in-house from microsatellite enriched library, submitted to NCBI, Accession numbers GI: 406679684 to GI: 406681203)], cowpea [40 VM series primers (Li et al. 2001) ] and adzuki bean [six AB series primers (Wang et al. 2004) ]. Out of these, 39 primers which provided clear and polymorphic gel patterns in screening were selected and used for further analysis of 52 varieties of V. radiata (Table 1) .
Polymerase chain reaction (PCR) amplification was done in a thermal cycler (Eppendorf) with 25 µl reaction mixture at temperature conditions of 94°C for 6 min, followed by 35 PCR cycles inclusive of denaturation for 1 min at 94°C, primer annealing for 1 min at 48°C and primer elongation at 72°C for 1 min, followed by last step of extension at 72°C for 10 min. The primer annealing temperature of 48°C was arrived at after elaborate PCR optimization experiments (not reported here). Amplified products were subjected to gel electrophoresis using a 3% agarose gel in 1X TAE buffer and image captured using Syngene Gel Documentation system with Gene Snap software.
Data analysis
The PCR amplified products were scored as a binary matrix and molecular weights of each of the amplicon were estimated using the band position relative to the DNA molecular weight standard. Similarity coefficient and pairwise distances were calculated using the 0-1 binary matrix following Nei and Li (1979) . A dendrogram based on Nei & Li genetic distance was constructed using Neighbor Joining procedure with V. sublobata as an out-group for rooting the tree. The goodness of fit of the clustering pattern was tested by Mantel's test. Molecular analysis was performed with only the 51 varieties of mungbean excluding wild accession. All varieties were first grouped into 14 populations based on the originating states, followed by further classification into four groups i.e., north, north-west, central and southern groups representing the distinct geographical regions of the country. Principal Components Analysis (PCA) was also carried out to illustrate relationships among the varieties. The software POPGENE ver. 1.31 was used for estimating the genetic diversity parameters, observed (na) and expected (ne) number of alleles, Shannon's information index (I), observed (Ho) and expected (He) heterozygosity. Gene flow (Nm) was calculated according to Nei (1987) for each group. SSR primer informativeness was determined from the Nei's (1973) genetic diversity estimated for each primer. SSR marker selective neutrality was examined by EwensWatterson neutrality test and statistic was calculated using 1000 simulations. Further, significance of genetic diversity was explored by carrying out analysis of molecular variance (AMOVA) with software Arlequin 3.5.1.2 (Excoffier and Lischer, 2010) . Pairwise comparisons between populations and average pairwise differences between populations were also calculated on the basis of Fst values using Arlequin 3.5.1.2 software.
Results and discussion
SSR analysis
Among 315 SSR primers, 182 (57.8%) primers amplified in mungbean varieties out of which 39 (12%) primers showed polymorphism. In this study, 62.08% of the mungbean specific primers showed amplification and 12.6% primers were polymorphic, which was higher than previous reports (Somta et al. 2008; Seehalak et al. 2009 ). Earlier, Wang et al. (2009) reported 72% transferability of adzuki bean primers in mungbean. Similarly, Vir et al. (2009) also reported transferability of cowpea primers (20.47%), mungbean [Vol. 78, No. 1 (47.18%) and adzuki bean primers (91.18%) in major taxa of Phaseolae tribe. In the present study, 83.3% adzuki bean primers were transferable to mungbean, however, 50% primers were polymorphic. Likewise, 25% cowpea primers were transferable to mungbean and 5% primers were polymorphic. This observation is in agreement with their taxonomical relationships and also showed further possibility of transferring SSR markers from closely related species.
Genetic diversity analysis
A total of 96 alleles with an average of 2.46 alleles per locus were generated from the 39 polymorphic SSR markers. Jaccard's similarity coefficient between the genotypes ranged from 0.133 to 0.750. A few of the polymorphic SSR patterns are presented for the primers VR040, VM-27, MB-322 and mgSSR-63 (Fig. 1) . The SSR, VR-095 had highest I (1.169) indicating greater informativeness of this marker for the diversity analyses. The Nei's expected heterozygosity values the mungbean varieties consistent with the previous study (Chen et al. 2015) . The Ho ranged from zero (AB128093) to 0.961 (VR095) with an average of 0.126 for the polymorphic SSRs, while, He ranged from zero (AB128093) to 0.655 (VR095) with an average of 0.430. We found that all loci analysed were selectively neutral as indicated by Ewens-Watterson test which was consistent with the previous report (Gwag et al. 2010 ).
This study showed moderate genetic similarity (0.13-0.75) among the varieties analyzed, compared to high genetic similarities reported with RAPD markers, (range 0.65-0.92, Lakhanpaul et al. 2000) and AFLPs, range 0.68-0.92 (Bhat et al. 2005 ) in our earlier studies using different sets of mungbean varieties. Also, the percentage polymorphism obtained with SSR markers (97.44%) was much higher than RAPD (64.04%) and AFLP (58.67%) markers which indicated higher informativeness of SSR markers in evaluating genetic diversity than RAPD and AFLP markers.
Partitioning of genetic diversity in mungbean varieties
Further, within the region-wise groups, north-west region show higher genetic diversity with a polymorphism estimate of 94.87% followed by south, north-west and least in central region (Table 2 ). Mean value of Nei's gene diversity and I was 0.374 and 0.598, respectively for the region-wise groups. Genetic differentiation (Fst) values were found in the ranges 0.317 to 0.606 with an average of 0.424 and gene flow (Nm) values ranged from 0.163 to 0.539 with an average of 0.376. Comparatively, low difference was observed between genetic differentiation and gene flow among geographical group, might be due to human activities in different regions resulting in germplasm exchange. The varieties from north-west region including Gujarat, Haryana, New Delhi, Punjab and Rajasthan have mungbean varieties with diverse pedigree resulting higher diversity in these regions. Among the regions, varieties from Telangana and Punjab showed maximum diversity supported by the other diversity parameters (Supplementary Table S2) . Further, Nei's genetic distance estimates varied from 0.093 to 0.728 between populations with largest (0.728) and least distance (0.093) were found between Uttarakhand-Bihar and Rajasthan-Punjab populations, respectively (Supplementary Table S3 ).
AMOVA indicated the molecular variance 62.50% of total variation was residing among populations within the groups followed by 28.68% within individuals for the loci ranged from zero (AB128093) to 0.649 (VR095) with an average of 0.425 ( (Table 3 ). The high values of distances grouped the 52 mungbean varieties into four major clusters whereas three cultivated varieties (PDM-11, PDM-54 and Sattya) did not group with any of the clusters (Fig. 2) . These cultivated varieties showed variations in allelic pattern with other cultivated varieties but showed some similarities with the wild accession. Table S3 ). This might be due to greater ecological differences between these states which result in higher genetic differentiation among varieties bred for different states. This is substantiated by presence of lowered differentiations among varieties from Punjab-Rajasthan (0.036) and Punjab-Haryana (0.088).
Cluster analysis
The rooted neighbor joining tree based on genetic Similarly, the exotic accessions ET-52201 and ET-62199 showed very low similarity with Indian varieties. Since the local landraces, wild relatives and exotics are adapted to a wide range of habitats, constitute a potential genetic resource for tolerance to biotic and abiotic stresses and therefore can be utilized in genetic enhancement efforts to introduce greater variability in genetic stocks in crop improvement programs (Sehrawat et al. 2013) . The composition of the individual clusters indicated that cluster I comprised two sub-clusters with seven and four varieties each. Cluster II also consisted of two sub-clusters with seven and three varieties, respectively. Cluster III was the largest with three sub clusters comprising seven, two and seven varieties. Further, Cluster IV was divided [Vol. 78, No. 1 into two sub-clusters with eight and four varieties, respectively. However, Mantel's correlation test with a correlation coefficient of 0.63 indicated lack of strong goodness-of-fit for the groupings observed thereby suggesting the need to use greater number of polymorphic markers to obtain a reliable and stable clustering. The PCA revealed that 21.77% of total variance was explained by the first three principal components, with each component accounting for just 8.04, 7.35 and 6.38% of total variability.
The grouping of varieties in the present cluster analysis based on SSR polymorphism did not correlate with the pattern of geographic source. As varieties from same geographic region did not group together even though presence of common parentage for some varieties was frequent. On the other hand, mungbean varieties grown in different agro-climatic regions were grouped in the same cluster, for example, Phule-Mung-2 (Maharashtra), SML-32 (Punjab), Pant Mung-5 (Uttarakhand), Warangal-2 (Telangana) and TM-9937(Madhya Pradesh) grouped in cluster 1. Frequent exchange of breeding stocks among the crop improvement centers might have resulted in greater genetic similarity among varieties. The low bootstrap values for the nodes of clusters are probably due to insufficient number of polymorphic SSRs used or gene flow/recombination between parental materials.
Overall, this study revealed that the microsatellites markers identified here will be valuable genomic resources for genetic diversity assessment, for marker-assisted selection application and also add to the meager number of SSRs so far available in mungbean. Despite the release of several new varieties over years, the observed low level of genetic diversity in the present study might be attributed to severe bottleneck effect during domestication and manual selection during breeding programs. This study emphasized the necessity to broaden the genetic base of the mungbean varieties through genetic enhancement by introgression of genes from closely related progenitor and landrace species and indicate the need to use alternate and intensive hybridization breeding programs in this group of pulses if yield barriers are to be overcome.
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